Intravenous fluids in polyvinyl chloride (PVC) packaging are known to be acidic. We proposed to determine the effect of PVC packaging on the pH of 0.9% saline solutions by comparing the predicted and measured pH of 0.9% saline equilibrated with atmospheric carbon dioxide and the measured pH of commercial solutions of 0.9% saline in PVC and polypropylene packaging. Calculation of pH was made from available physical chemistry constants and data. Measurement was made of the pH of 12 samples of prepared 0.9% saline equilibrated with atmospheric carbon dioxide. Comparison with the pH of seven commercial samples of saline in PVC packaging for intravenous use was undertaken. Further comparison was made between commercial samples of 0.9% saline in PVC or polypropylene packaging. The calculated pH of 0.9% saline was 5.61 at 20°C. The median pH of the prepared samples was statistically significantly less acidic than the median pH of the PVC packaged samples for intravenous use: 5.47 vs 4.60, P<0.05. The median pH of the PVC packaged saline was also statistically significantly more acidic than the pH of the polypropylene packaged saline: 4.62 vs 5.71, P<0.05. The acidity of the intravenous solutions of 0.9% saline packaged in PVC was much greater than expected and is only partially explained by dissolved carbon dioxide. This acidity could be a result of packaging in PVC.
Electrolyte solutions for intravenous use have frequent worldwide use every day. The commercial preparation of these relatively simple electrolyte solutions is a complex process when sterilization and packaging are taken into consideration. Among the physical chemical parameters of these solutions, the accepted range of pH is remarkably wide; the United States Pharmacopeia 1 gives a pH range of 4.5 to 7 for 0.9% saline. The Australian Division of Baxter Healthcare (Toongabbie, N.S.W., Australia) is the sole manufacturer and supplier of intravenous fluids for Australia. The Baxter fluid bags have printed on them a pH range of 4 to 7 for 0.9% saline. Baxter product information from the United States states that for 0.9% saline "The pH is 5.0 (4.5 to 7).".
The possible reasons why intravenous fluids are acidic have periodically been discussed in the literature [2] [3] [4] [5] [6] [7] [8] [9] [10] . For solutions not containing dextrose, the formation of carbonic acid from dissolved atmospheric carbon dioxide is the most frequently cited explanation for this pH range 4 . What is unclear from the medical literature is a more precise estimate of the pH of these fluids once equilibration has occurred with atmospheric carbon dioxide. Moreover, there is no obvious explanation for the broad range of pH; where a pH range of 7 to 4 constitutes a thousandfold increase in the hydrogen ion activity (effective hydrogen ion concentration).
We have previously measured the pH of Baxter water for injection 11 and found a median pH of 4.9. One possible source for an acid or acids is the polyvinyl chloride (PVC) packaging-given the trade name "Viaflex" by Baxter. Among possible acids passing into the solutions are hydrochloric acid, formic acid, acetic acid, and additives such as derivatives of phthalic acid 10 . What is unclear are the types and amounts of acid passing into the solutions and the subsequent changes in the pH of the solutions. To estimate the change in pH due to acidic contamination we first had to determine the expected pH of 0.9% saline.
We asked the following questions. A solution of 0.9% sodium chloride was prepared by combining reagent grade sodium chloride (Ajax, Finechem, N.S.W., Australia) with deionized water (Milipore, N.S.W., Australia) with a conductivity of 0.05 microSiemen.m -1 . This sodium chloride solution was then magnetically stirred.
Twelve 50 ml samples were decanted into separate 100 ml beakers. These were allowed to stand in the laboratory for several hours to allow equilibration with atmospheric carbon dioxide. The saline samples had magnetic stirrers added and had simultaneous measurement of pH and temperature by the same instrument (Yokogawa PH82, Yokogawa, Japan) while being stirred. The temperature of the solutions was not thermostatically controlled as calculations for the expected pH demonstrated very little effect of temperature in the 20 to 25°C range on the expected pH, as shown in the results section. Initially seven samples were prepared, but this series had an important outlying value. A further five samples were prepared to clarify the 95% confidence interval for the median pH for these prepared samples. All data were retained for analysis.
Seven 500 ml PVC bags of Baxter 0.9% saline for injection were collected from the operating room store of our hospital. These were opened and 50 ml were decanted into 100 ml beakers. A magnetic stirrer was placed in each sample and the pH and temperature were measured simultaneously.
A further study was undertaken comparing the pH of two Baxter products. All samples were obtained from the operating room store of our hospital. Seven samples of saline for injection in PVC bags were compared to seven samples of saline for irrigation. Saline for irrigation is produced and stored in polypropylene bottles. On a visit to the Baxter factory at Toongabbie, one author (DS) observed that these two saline products have identical manufacture up until the time of being decanted into the different containers. The samples were stirred in an open beaker and pH and temperature were measured by an Orion 420A pH meter (Orion Research, MA, U.S.A.).
The 95% confidence interval for the median pH of the sample groups was calculated to compare measured pHs with the calculated pH. The pHs of the prepared and PVC samples (PVC I) were compared. The pHs of the second set of PVC (PVC II) samples and the polypropylene samples were also compared. The Mann-Whitney U test was used (Minitab Software, Minitab, PA, U.S.A.) where P<0.05 was regarded as significant. Ninety-five per cent confidence intervals were calculated for the difference between sample medians.
RESULTS

Calculation of pH
The calculation of the pH of a 0.9% saline solution with atmospheric carbon dioxide is dependent on a number of assumptions and constants which have varying values in the physical chemistry literature. For clarity the calculations are presented in two steps. The initial step is the calculation of pH in pure water exposed to atmospheric carbon dioxide. The overall approach and constants used are from the text by Stumm and Morgan 12 . The later step involves the modification of the calculations to allow for the physical chemical effects of 0.9% (0.150 mol/l) sodium chloride. We undertook a set of calculations for 20°C and 25°C with the understanding that a difference in temperature such as this would have little effect on the calculated pH. This expectation was due to the likelihood that a number of physical chemical changes would effectively cancel each other out.
Step 1 Atmospheric CO 2 (CO 2 atm) equilibrates with carbon dioxide dissolved in water (CO 2 aq) according to Henry's law: at a given temperature the concentration of a dissolved gas is directly proportional to the partial pressure of the gas, [CO 2 (aq)]=KH PCO 2 . The partial pressure of carbon dioxide used was 3.55x10 -4 atm (0.270 mmHg). The Henry's Law constant (KH), for the solubility of CO 2 in water at 20°C is 3.93x10 -2 mol/l/atm 12 .
Therefore, at sea level and 20°C, the aqueous concentration of carbon dioxide is:
[CO 2 (aq)] = (3.55x10 -4 atmx3.9x10 -2 mol/l/atm) =1.40 x10 -5 mol/l About 0.1% of the dissolved carbon dioxide com-bines with water to form carbonic acid, CO 2 (aq) H 2 CO 3 which then dissociates to hydrogen and bicarbonate ions,
Therefore the complete sequence is:
The second dissociation of carbonic acid, that is bicarbonate to carbonate and hydrogen ions (HCO 3 -CO 3 2-+ H + ) has a pKa of 10.38 at 20°C 12 . Bicarbonate is almost completely undissociated at pH less than 7.0. The measurement of carbonic acid concentration is difficult compared to the measurement of carbon dioxide partial pressure and calculation of hydrogen ion activity from pH. Therefore, the conventional approach has been to treat the system as if all the dissolved carbon dioxide has been converted to carbonic acid, producing an effective carbonic acid concentration [H 2 CO 3 *].
[H 2 CO 3 *] = [CO 2 (aq)] + [H 2 CO 3 ]. One can then define an effective dissociation constant (Ka) 12 Step 2
The measured pH is related to the effective concentration or activity of the hydrogen ions. The activity H + =concentration H + x activity coefficient H + . As the concentration of ions added to the solution increases, the difference between the hydrogen ion activity and hydrogen ion concentration will increase. In Step 1 the assumption is that the activity coefficient of H + =1, that is the hydrogen ion concentration and the hydrogen ion activity are identical. To calculate the pH of a solution with dissolved carbon dioxide and dissolved sodium chloride, three effects have to be taken into consideration. First, the solubility of carbon dioxide in saline is lower than that in pure water-the salting out effect. The Henry's Law constant changes from 3.93 x10 -2 in water to 3.77x 10 -2 in 0.15 molar sodium chloride 13 . This results in a [H 2 CO 3 *] of 1.34x10 -5 mol/l compared to 1.40 x10 -5 mol/l in water at 20°C. Second, carbonic acid becomes a stronger acid in a saline solution, that is the dissociation constant increases in value. The Ka[H 2 CO 3 *] in water at 20°C is 4.16 x10 -7 . From the data of Harned and Bonner 14 the Ka[H 2 CO 3 *] in normal saline at 20°C is 7.59 x10 -7 . Therefore in 0.15 molar sodium chloride at 20°C:
[H + ] = ([H 2 CO 3 *]xKa) 1/2 mol/l = (1.34x10 -5 x7.59x10 -7 ) 1/2 mol/l = 3.19 x10 -6 mol/l To this point, the addition of sodium chloride has reduced the effective carbonic acid concentration but increased the carbonic acid dissociation. However this greater dissociation is further offset by a third factor, a reduction in the hydrogen ion activity coefficient due to the ionic strength effect. Unlike the pure water situation in saline the hydrogen ion activity coefficient does not equal 1. At 20°C in 0.15 molar sodium chloride the activity coefficient of H + is approximately 0.769 15 . Therefore the hydrogen ion activity (aH + ) is 0.769 x3.19 x10 -6 =2.45 x 10 -6 mmol/l.
In Step 1, in calculating the pH, the activity coefficient of the hydrogen ions was presumed to be 1, therefore the concentration could be used: pH = -log 10 [H + ]. Whereas the pH is related to the hydrogen ion activity: pH = -log 10 a[H + ].
Therefore: pH = -log 10 2.45x10 -6 = 5.61. The hydrogen ion activities and pH values differ slightly from the calculated pH of pure water with dissolved carbon dioxide. When the same calculations were made for 25°C using the same sources for constants the pH for 0.9% saline was 5.62, and hydrogen ion activity 2.42 x10 -6 mol/l. Thus a temperature change of 20°C to 25°C made little difference to calculated pH and activity. The reason for this small effect is that a decrease in carbon dioxide solubility at the higher temperature is offset by an increased effective dissociation of carbonic acid.
Measurement Results
A comparison of the median pH and pH ranges of the four sample groups can be seen in Figure 1 . The median pH of the 12 prepared samples was 5.47 (range 4.84 to 5.82). The 95% confidence interval for the median pH was 5.31 to 5.74. The median pH of the first set of PVC samples (PVC I) was 4.60 (range 4.50 to 5.49). The pH of the PVC I samples was more acidic than the prepared samples by a median difference of 0.86 pH units (95% CI=0.24 to 0.89 pH units, P=0.021). The median pH of the second batch of polyvinyl chloride packaged samples (PVC II) was 4.62 (range 4.57 to 4.66). The median pH of the polypropylene samples was 5.71 (range 5.61 to 5.91). The 95% confidence interval for the median pH was 5.61 to 5.91. The pH of the PVC II samples was significantly more acidic than the polypropylene samples by a median of 1.11 pH units (95% CI=1.04 to 1.25 pH units, P=0.002). The calculated and median hydrogen ion activities are displayed in Figure 2 as is the hydrogen ion activity calculated from the manufacturer's stated pH of 5.0; pH= -log 10 a H + . The median and ranges for the measured temperatures of the samples are in Table 1 .
DISCUSSION
To our knowledge this study presents the first explicit calculation for the pH of an aqueous solution of 0.9% sodium chloride with dissolved atmospheric carbon dioxide. This calculation is an important tool in assessing the likelihood of acidic contamination of both prepared and commercial saline samples. We found that the calculated pH of 0.9% NaCl solution was 5.61. The median measured pH of the prepared series was 5.47 and the 95% confidence interval for the median included 5.61. These pHs of 5.61 and 5.47 correspond to hydrogen ion activities of 2.45x10 -6 mol/l and 3.39 x10 -6 mol/l respectively. This is a relatively small difference compared to the hydrogen ion activity of the median pH of the samples of saline in PVC, which was 25 x10 -6 mol/l. The pH of the PVC packaged samples was significantly more acidic than the pH of the prepared samples. The measured pH of the PVC packaged samples was also more acidic than the manufacturer's stated pH of 5.0, which corresponds to a hydrogen ion activity of 10 x10 -6 mol/l. Further, the 95% confidence interval for the median pH of the saline in polypropylene included the calculated pH of 5.61. The median pH of the polypropylene packaged samples had a hydrogen ion activity that was an order of magnitude less than PVC packaged saline.
We examined the pH of 0.9% saline rather than water because our preliminary experiments with deionized water showed the pH meters to be very unstable during measurements. The pH readings were too unstable to determine the baseline pH of the deionized water. This finding agrees with previous work from environmental chemists 16 that suggested that most commercial pH meters are unreliable in solutions with an ionic strength less than 1 mmol/l. This unreliability is associated with the liquid junction of the instrument. Electrodes with free-diffusion liquid junctions are available for pH measurement in low ionic strength solutions, however, we did not have access to such an instrument. An alternate technique is to add saturated potassium chloride to the water to increase the ionic strength of the solution 1 . We chose to compare saline samples to minimize the risk of contamination of the commercial samples. Further, 0.9% saline is used far more frequently than water in the clinical setting.
The pH of water with dissolved atmospheric carbon dioxide is also of interest to those investigating environmental water systems such as seawater or streams 12, 16, 17 . Davison and Woof 17 have calculated the expected pH of distilled water with dissolved atmospheric carbon dioxide to be 5.64 at 20°C. Their calculations used an older and smaller value for the partial pressure of carbon dioxide: 3.3 x10 -4 atm versus 3.55x10 -4 atm. The atmospheric partial pressure of carbon dioxide is gradually increasing over time and the higher value is now used 12 . Stumm and Morgan 12 made explicit calculations that give a pH of 5.65 in pure water at 25°C. We undertook our own calculations, as there is no published estimate specifically for the pH of 0.9% saline with dissolved atmospheric carbon dioxide. The calculated pH value and the pH values of the prepared samples were far less acidic than the pH values of the PVC packaged solutions. The measured pH was also more acidic than the manufacturer's stated pH. The agreement between the calculated pH and the pH of the prepared and polypropylene packaged solutions suggests that most of the acidity in these solutions was due to carbonic acid from dissolved atmospheric carbon dioxide. The more acidic pH of the PVC packaged solutions suggests, however, that carbonic acid is a minor source of hydrogen ions in the PVC packaged solutions. In hydrogen ion activity terms, carbonic acid probably contributes to less than 20% of the total hydrogen ion activity in the PVC packaged solutions. Further, carbonic acid explains less than 50% of the hydrogen ion activity of the pH stated by the manufacturer (Figure 2 ).
The question arises as to the source or sources of the hydrogen ions in the PVC solutions, other than those from carbonic acid. The first possibility is contamination during manufacture of the solution. The finding that the acidity of saline in polypropylene is consistent with acidity from carbonic acid alone suggests that contamination during manufacture of the solutions prior to packaging is unlikely. Further, the finding that saline in PVC is far more acidic than saline in polypropylene suggests that PVC is a source of one or more acids. The most likely hydrogen ion source is hydrochloric acid derived from the PVC itself 18 . Some of the other possible acids are formic and acetic acids from PVC degradation during post filling sterilization and additives such as derivatives of phthalic acid. One derivative is the bis (2-ethylhexyl) ester of phthalic acid known as di (2-ethylhexyl) phthalate or DEHP. DEHP is a plasticizer that makes the PVC more malleable 10 .
Other additives may include: thermal stabilizers, lubricants, colouring agents and plasticizers 10 . These additives may differ between companies and across time within a company. They are also proprietary information. Considerable attention has been paid to phthalic acid derivatives in food and blood banking literature. The biologic significance of DEHP is unclear and is an ongoing debate 10,19 that has reached the popular press 20,21 . Animal toxicity has included lung, liver and reproductive organ dysfunction 22 . Calculations suggest that patient groups such as dialysis patients may receive DEHP doses approaching those that produce toxicity in animal models 22 . Patients such as multitrauma victims receiving large volumes of fluid and blood product resuscitation may also acutely receive large doses of DEHP. Whether DEHP contributes to organ dysfunction in patients after massive transfusion is unclear. After a literature review, a panel from the American Council on Science and Health recently found there was minimal human risk associated with DEHP 23 . Concerns about contaminants have centered around DEHP; however, biological activity for other contaminants from PVC cannot be discounted.
We made our results available to chemists from Baxter Healthcare, Australia. They believe that the acid or acids are from previously known contaminants related to heating PVC bags to 115°C under pressure. The Baxter chemists do not know, however, which contaminants are the acid source or sources (per sonal communication: Melvyn Davis, Clinical Consultant, Baxter Healthcare).
We have shown that saline in PVC bags is more acidic than predicted by physical chemical analysis of the effects of dissolved atmospheric carbon dioxide. We have also shown that saline stored in polypropylene rather than PVC has acidity consistent with an effect of carbon dioxide alone. We conclude that an acidic contaminant or contaminants are present in PVC packaged saline for intravenous use. Such contaminants account for up to 80% of the hydrogen ion activity of these solutions. Intravenous fluid therapy is one of the most fundamental treatment strategies in medicine. Most clinicians regard 0.9% saline for intravenous use as purely sodium chloride in water. We suggest they are wrong-one or more acids contaminate saline in PVC. We need to determine what these acids are and if any of them have clinically important biological activity. Since completing this study we have started this search.
